A B S T R A C T Previous studies have suggested that malaria induces changes in erythrocytic membrane permeability and susceptibility to osmotic lysis. The present study investigated erythrocytic transport of sodium with cells from Rhesus monkeys infected with Plasmodium knowlesi. Red blood cell sodium concentration was significantly elevated in 37 parasitized animals (21.8 ±1.2 mM; mean +SEM), as compared to 23 control animals (10.0 +0.38 mM). The cellular sodium increased with the density of parasitemia and the cellular potassium decreased in proportion to the elevation of sodium. Nonparasitized as well as parasitized erythrocytes possessed this abnormality of cation metabolism. Effective chloroquine therapy reversed the changes over a period of 4 days.
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Active sodium outflux rate constants were depressed in animals with malaria (0.202 +0.012), as compared to controls (0.325 ±0.027). Passive sodium influx rate constants were higher in infected monkeys (0.028 +0.002) than in control animals (0.019 +0.002). The cross incubation of malarial plasma with normal red blood cells induced a 22% diminution in active sodium outflux but no changes were observed in sodium influx.
It is concluded that malaria alters erythrocytic sodium transport in all erythrocytes. The elevated intracellular sodium concentration is the net result of decreased sodium outflux and increased sodium influx. The plasmodium organism or the affected host may produce a circulating substance that is deleterious to erythrocytic membrane cation transport.
INTRODUCTION
The normal erythrocyte of most animal species, including man, is known to transport sodium and potassium against their electrochemical gradients, thereby maintaining an intracellular environment low in sodium and high in potassium. The transport of these cations has been studied in a variety of human illnesses, such as hereditary spherocytosis (1, 2) and sickle-cell anemia (3), as well as nonhematologic diseases, such as severe uremia (4), disseminated neoplastic disorders (5) , and extensive burns (5) . Overman (6) studied the effects of Plasmodium knowlesi malaria upon the erythrocytic cation concentration in Rhesus monkeys. He found that red blood cell sodium increased and red blood cell potassium decreased as the parasitemia increased, and postulated the existence of a circulating toxin that increased membrane permeability. Other investigators have postulated that a circulating factor may be present in malarial plasma, since the rate of hemolysis exceeds that which would be expected from the number of parasitized erythrocytes (7) and the osmotic fragility of nonparasitized cells is abnormal (8) . Normal erythrocytes show a markedly shortened life span after transfusion into a malarious recipient (9, 10) . On the other hand antibodies cannot be demonstrated on the surfaces of red blood cells from malarious animals (11) .
The present studies were performed to make detailed observations of erythrocytic cation transport in malarious blood and to ascertain if circulating factors played a role in the etiology of the observed red blood cell cation transport defects.
METHODS
The experimental malarial infections were induced with the following species of parasites and hosts: Plasmodium knowlesi and P. coatneyi (Rhesus monkey), P. falcipariim (splenectomized chimpanzee), and P. berghei (hamster). The principles of laboratory animal care as promulgated by the National Society for Medical Research were observed. Before venipuncture, the primates were tranquilized with either Sernylan' (phencyclidine hydrochloride) or Innovar 2 (droperidol). Quantitative parasite counts were done on thin smears of whole blood stained with Leishman-Giesma stain; 1000 erythrocytes were counted and the density of parasitemia was expressed as the per cent of erythrocytes parasitized. Solutions: red blood cell sodium and potassium. All solutions were made up to an osmolality of 295 mOsm. The buffer used was glycylglycine (270 mM)-MgCO3 (44 mM) adjusted to pH 7.4 at 37'C. Unless otherwise stated in the text, the extracellular medium for the outflux and influx experiments contained the following solute concentrations: 142 mm sodium; 5.0 mm potassium; buffer 10% v/v; 1.2 mM phosphate; glucose, from 10 to 11 mM; and albumin 0.1 g/100 ml. Red blood cell sodium (Nat) and potassium (K.) concentrations were determined on heparinized cells after a triple washing with buffered isosmotic MgCl2. The cells were then lysed with deionized, distilled water and analyzed on a lithium internal standard flame photometer. Intracellular cation concentration was calculated either by using the method of Sachs and Welt (12) or by hemolyzing a known volume of pipetted cells as determined by microhematocrit. These two methods showed close agreement.
Separation of parasiticed cells and parasites. Infected whole blood (P. knowlesi, mature forms) was centrifuged at 2000 g for 30 min. The less dense parasitized erythrocytes form the upper layers of the column of blood. The upperand lowermost 10%o (by volume) of cells were removed for analysis of cations; comparison of the density of parasitemia in these layers provided an estimate of the degree of separation.
Parasites were separated from their host-cells with an
Aminco-French pressure cell (13) . The red blood cells were ruptured at 1500-2000 psi and the parasites were separated, washed with MgCI2, and finally fragmented at 18,000-20,000 psi. Total Na content of the parasites could then be determined.
Sodium outflux. The sodium outflux studies were conducted using the method of Sachs and Welt (12) . This technique measures the rate of appearance of intracellular 24sodium or 'sodium from previously labeled cells into a buffered extracellular solution at 20 min intervals over a 60 min sampling period. A correction for hemolysis was applied if hemolysis in the in vitro system exceeded 1%; the experiment was discarded if hemolysis exceeded 3-5%. The components of the transport system for sodium were examined through the use of ouabain (strophanthin-G), 1 X 10-' M, and ethacrynic acid [2-3 dichloro-4-(2-methylene butyrl)phenoxyacetic acid],' 1 X 10' M. All studies utilized paired normal control red blood cells which were handled identically to the cells from the malarious monkeys and were studied simultaneously. The outflux rate constant for sodium (0kN.) expresses the portion of intracellular sodium extruded per hr. This rate constant is calculated according to the method of Hoffman as described by Sachs and Welt (12) . The basic assumption underlying this method is that Na outflux is a first order process so that, Cross-incubation technique. The cross-incubation experiments were designed to study the effect of cell-free heparinized malarial plasma, obtained from monkeys with parasitemias of approximately 50%o (P. knowlesi), upon normal red blood cells. The control plasma was obtained from a monkey other than the donor source of normal erythrocytes. These normal erythrocytes were collected, separated, and washed as described for the flux studies. These cells were then separated into two fractions and 8 ml of cells was incubated for 22 hr with the control and experimental plasmas. The incubation mixture contained: erythrocytes, 5 ml; plasma, 50 ml; glycyl glycine buffer, 10 ml; glucose, 20 mM; phosphate 2.0 mM; inosine 10 mM; adenine, 3 mM; penicillin, 100,000 U, and streptomycin, 100 mg. After the 22-hr incubation, the cells were separated, washed with 295 mOsm NaCl solution and subjected to outflux and influx experiments as already described. Table I ). It was generally observed that the cellular potassium decreased as the cellular sodium increased; however, the earliest changes in erythrocytic cation composition could be detected through measurement of Nao since small sodium increments caused a greater percentage change of the measured sodium concentrations than did equimolar potassium decrements on the potassium concentration. Table II shows the values for Nao and K0 in different animal species infected with different malarial strains. The study of splenectomized chimpanzees, infected with human P. falciparum malaria showed similar changes of Nae, which rose to levels as high as 42 mm, and K., which fell to levels as low as 67 mm, as the parasitemia increased to 35%. Additional experiments utilized P. coatneyi infections of Rhesus monkeys; the results were qualitatively similar to those described for the other malarial strains (Table II) . The density of parasitemia rose most slowly with P. coatneyi, requiring approximately 14 days for peak parasitemias (always less than 10%). The Nae was highest for this strain at any given level of parasitemia with Na0 as high as 26 mm when only 2% of circulating erythrocytes were parasitized. P. berghei infections in hamsters provided the smallest quantitative changes of Nao; although Na0 doubled, the absolute increase was only 3-6 mm since the normal values are low as compared to primates. Fig. 1 depicts a plot of Nao on the ordinate and per cent parasitemia with P. knowlesi on the abscissa. It can be seen that Na0 increased as the density of parasitemia increased and the highest value of 44 mm was found with 90% parasitization of circulating erythrocytes. Detectable elevations of Nao were found with parasitemias of less than 5%.
RESULTS
Red blood cell potassium (K0) diminished in equimolar proportion to the increase in Nao and was found to be Measurements of sodium in the parasites, after they were separated from the erythrocytes in an AmincoFrench pressure cell, showed that the parasites contributed no more than 1 % of the total sodium content of a liter of cells which were 50% parasitized.
Effects of chloroquine therapy. The effects of antimalarial therapy on erythrocytic sodium and potassium in a representative (three experiments) monkey infected with Plasmodium knowlesi are shown in Fig. 2 onset of chloroquine treatment. As the density of parasitemia rises, the cellular sodium is tripled and the cellular potassium falls in equimolar proportion. Although the parasites disappear quickly after chloroquine therapy, the cellular cation changes return to normal more slowly and the red blood cell sodium is not normal until 2-4 days after the circulating parasites have disappeared. The cellular potassium concentration seems to rise to normal levels 1-2 days before the cellular sodium returns to its normal concentration. These data suggest that the parasite induces a membrane alteration that is slowly reversible and this membrane-defect can temporarily persist despite the absence of the inciting agent, the parasite. Fig. 2 ). In the absence of chloroquine therapy, the spontaneous disappearance of parasites causes cellular cation changes similar to those depicted in Fig. 2 . FIGURE 4 Plot of a representative red blood cell sodium outflux study showing the cumulative appearance of the tracer in the extracellular solution after correction for hemolysis. Nao* = isotopic Na in the extracellular solution; Na.* = isotopic Na in the total suspension of cells and extracellular solution; and %H = per cent hemolysis. The figures given for each slope are the outflux rate constants, before and after ouabain inhibition, as determined by the sum of least squares method. The red blood cell sodium concentration was 10.6 mm in the control and 16.1 mm in the malarious monkey. Fig. 3 depicts one of three experiments with P. coatncyi, the results of which show that the temporary persistence of a high Na., after circulating parasites have disappeared, is not an effect of the chloroquine. Since Plasmodium coatneyi causes only a mild infection in our Rhesus monkeys, spontaneous remissions can be studied. Fig. 3 shows a spontaneous elimination of parasites 18-20 days after inoculation; the Na. diminishes slowly and the K. increases to normal concentration more rapidly.
Sodium out/lux experiments. In order to investigate the causes of the elevated Na., sodium outflux (efflux) studies were done. Red blood cells from normal monkeys and from monkeys with from 5 to 10% levels of parasitemia were studied in simultaneous experiments. The use of such cells with a low density of parasitization served to minimize in vitro hemolysis as well as to emphasize the abnormalities of sodium flux of nonparasitized cells. Screening of the serum urea nitrogen in the infected animals showed only an occasional value in excess of 60 mg/100 ml; no correlation existed between the presence of a transport defect and an elevation of the serum urea nitrogen. Table IV shows the results of eight outflux experiments. The active sodium outflux rate constants (OkN.PUmP) were 0.325 +0.027 (mean ± SEM) in eight control animals and 0.202 ±0.012 in eight infected animals. Fig. 4 shows a representative experiment. If the amount of isotope appearing in the extracellular solution is plotted against time, the slope of the plot is the outflux rate constant. The degree of ouabaininhibition, depicted as pump, is clearly less in the cells tion of a high Na0? and (b) Does the simian erythrocyte respond to an elevated Na0 in a similar fashion to the human erythrocyte in which elevation of cellular sodium stimulates active sodium outflux? Table VI shows the results of one of three sodium outflux studies with graded increases of Nao. The 0kNresidual shows no significant change despite levels of Na0 which are two-and threefold greater than the control value of 8.0 mm. Hence the high okN.residu.i observed in the high sodium malarial erythrocytes could not be directly attributed to the elevation of sodium in the cell per se. These findings are in agreement with recently published work with lactosetreated human cells in which Maizels (18) found no change in the rate constant for "passive efflux" when cellular sodium is increased. Fig. 5 depicts the response of the sodium outflux pump to changes of Na0 and provides an affirmative answer to the second question. Active sodium outflux is increased twofold as the Na. is doubled; this means, therefore, that the sodium outflux rate constant did not change when Na0 was increased to approximately 20 mm. When Na0 approached 30 mm, the outflux rate constant began to decrease.
Sodium influx experiments. Since Na0 is a function of the net balance between active sodium outflux and passive sodium influx, it is apparent that the observed elevation of Na0 may be attributable to increased influx of sodium into the cell, as well as to the measured decrease of active sodium outflux. Sodium influx was measured in five experiments and the results are shown in Table VII . The control influx rate constants ('kNa) had a mean value of 0.019 ±0.002 as compared to 0.028 ±0.002 in the cells from malarial animals. When these influx rate constants are multiplied by the extra-cellular sodium concentration (142 mM), it can be seen that the total sodium influx ('MNa) is 1.28 mmoles/liter of cells per hr greater in the experimental erythrocytes, 3.98, than in the control cells, 2.70. Cross-incubation of malarial plasma and normal cells.
Since the changes of cellular sodium, sodium outflux, and The alterations of sodium transport that are described in this study may be compared to those changes described in other illnesses. Whereas many hemolytic disorders (1) (2) (3) 26) display increased passive permeability of the red blood cell membrane to cations with subsequent increased movement of the cation down its electrochemical gradient, these disorders are accompanied by a compensatory increase of the sodium outflux in an attempt to extrude sodium from the cell and maintain a normal intracellular environment. The intracellular sodium and potassium generally remain normal in these illnesses until just before the onset of hemolysis. On the other hand, diseases such as severe uremia and extensive neoplastic invasion (4, 5) may be accompanied, in approximately 25% of cases, by an impairment of the sodium outflux and subsequent elevation of the intracellular sodium concentration. Sodium influx has not been directly measured in these illnesses. It seems likely, therefore, that the elevation of Na0 (and depression of K.) during malarial infections is primarily a function of the impaired active transport mechanisms and only secondarily active sodium outflux increases with the Na0. These findings are in essential agreement with related experiments using human erythrocytes (5, 17, 18, (27) (28) (29) . Since the red blood cells from the malarious monkeys used in the outflux studies had a mean Na0 of 18.5 mM, and an active sodium outflux similar to the controls (3.70 vs. 3.30 mmoles/liter of cells per hr in the controls), the response of the sodium transport system is clearly abnormal. In this regard the impairment appears quite similar to the pump-defect described in uremia (4, 5, 30) . Table VIII lists the major similarities between the transport alterations observed in malaria and in uremia. In addition, there is a quantitative defect of membrane ATPase in the high cell-sodium uremics; similar studies have not been done with erythrocytes from a malarious host. The major dissimilarity is that changes described in malaria are predictable since they appear early in the disease and eventually occur in all infected monkeys, whereas these same changes occur in only 25% of all severe, chronic uremics.
The cross-incubation experiments seem to provide direct evidence that a circulating toxic factor is present during malarial infection; this substance inhibits the sodium outflux in normal erythrocytes. It is unknown whether this circulating material is directly produced by the parasite or whether it is produced by the host in response to parasitization. However, these cross-incubation experiments produced transport changes that differed in two ways from the pattern of altered sodium transport found in erythrocytes taken from an infected monkey: a) The sodium influx was not increased by exposure to malarial plasma; b) the residual outflux rate constant (okNaresIdu&l) was not increased after incubation of normal cells and malarial plasma. There is no entirely acceptable explanation for these discrepancies but it is certainly possible that the in vivo influence of the spleen and reticuloendothelial system, upon cells with early changes of membrane function or structure, is necessary to produce further changes in the membrane and subsequent increases in the leak parameters (31) .
It is possible that the changes of sodium outflux, after incubation in malarial plasma, are due to the absence of a critical substance or nutrient rather than to the presence of a toxic factor. In order to minimize this possibility, the following compounds were added to the plasma before the 22 hr incubation: adenine, inosine, glucose, phosphate, and buffer. These compounds, under normal circumstances, are adequate to maintain intracellular ATP stores and thereby to sustain normal rates of sodium transport.
